INTRODUCTION
The work of G. C. Baldwin and G. S. Klaiber, 1 on photofission in heavy elements aroused considerable interest in the possibility of a resonance photofission cross section. 2 After some theoretical calculation, Edward Teller suggested that the relative photofission cross sections of various fissionable materials would be of help in the theoretical interpretation of the photofission process. This work is the result of that suggestion.
A measurement of the fission yield of U 233 , U 23S , Pu 249 , Th 232 , and Io 230 , relative to the fission yield of U 238 has been made as a function of bremsstrahlung energy. A measurement has also been made of the photofission excitation curve of U 238 in the region of 8 to 21 Mev. From this excitation curve an attempt has been made to determine a shape for the photofission cross section as a function of energy for U 238 .
EXPERIMENTAL METHODS
The relative photofission yields of the different materials with respect to U 238 were measured by a "catcher" method. The experimental setup is shown in Fig. 1 . X rays from the betatron pass through a carbon wall 4 in. thick, into a cadmium-shielded foil holder. The carbon block was sufficiently thick to block out electrons coming directly from the betatron. The foil holder was a small aluminum box with slots in the walls at 1/8-in. spacings to hold 1/16-in. thick aluminum plates to which the fissionable material was fastened. One-mil aluminum catchers were held by small frames against the back side of the 1/16-in. alumium plates. Thus the fission fragments had to pass through 1/8 in. of air before reaching the aluminum foil. Aluminum catcher foils were used because of the small activity induced in the foil during the irradiation to which it was subjected. Eight fissionable material samples were used of which three were U 238 . Two background aluminum foils were also in the box in order to determine the activity induced in the aluminum itself. The sample holder is shown in Fig. 2 .
Two runs were made at each energy setting of the betatron, one with the beam incident on foil No. 1 and the other with the beam incident on foil No. 9. The results of these two runs were averaged AECD-2706 1
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in order to minimize the effect of inverse square loss and absorption loss due to the different positions of the foils. In every case the samples were irradiated for 20 min, and counting began 4 min after the irradiation and continued for a 30-min counting interval. The foils were counted on glass-walled counter tubes, Model 10A, Mark I, made by the Radiation Counter Laboratories. Ten counter and sealer setups were used on each run so that the foils collecting fission fragments from any particular fissionable material were always counted on the same counter. The counters were intercalibrated by means of a radioactive arsenic sample that had about the same area as the fission foils counted. The net activity was the total number of counts in 30 min minus the counter background, minus the aluminum activity, and corrected to one counter.
The arrangement used to observe the excitation function of U 238 is shown in Fig. 3 . The physical setup of the experiment required that the beam go through 3/4 in. of wood and approximately 1 1/2 in. of aluminum before reaching the detection system itself. In order to establish equilibrium between the primary gamma rays and secondary electrons, a 4-in. thickness of carbon was inserted between the source of X rays and the detection apparatus. The detector was a flat plate ion chamber in which one surface was a thick uranium sample and the other a copper collecting plate. The uranium was in the form of a 5-mil thick disc 3 in. in diameter. The gap between the uranium and the collecting plate was 1/4 in. The chamber was filled with argon at atmospheric pressure. In order to partially cancel the pulse due to the X-ray burst, a bucking chamber was placed behind the fission chamber in the beam. The bucking chamber was connected in such a manner that the output was of the opposite sign to that on the fission chamber. No fissionable material was in the bucking chamber. The output of the bucking chamber was then mixed with the output of the fission chamber and the result amplified and passed into a gating circuit that allowed only those pulses occurring within 5 microseconds of the X-ray burst to pass through. The output of the gating circuit was then fed into a discriminator and sealer where the pulses were counted. A block diagram of this circuit is given in Fig. 4 . Two 1/4-R-thimbles were placed in front of the fission chamber but enough to one side that the chamber was not shadowed by the R-thimbles. The betatron was then run at various energies and the number of fission counts per R of radiation was recorded. Since the ion chamber and Rthimbles were approximately 15 m from the betatron, the detectors received uniform intensity radiation, so that no correction for different angular spread of the beam at different energies was necessary.
The energy calibration of the betatron was based upon a measurement of the observed threshold of the N 14 (y,n)N 13 reaction. The value of this threshold was calculated from the mass data of Segre's isotope chart of July 1946 to be 10.54 Mev.
3. RESULTS Table 1 lists the weights and sizes of the fissionable materials used. The subscripts on the U 238 notations indicate the three different uranium samples. All samples were considered to be thin compared to the fission fragment ranges with the exception of the ionium sample. Thus, no correction was made for self-absorption of the fission fragments except in the case of the ionium foil where a 4 per cent correction was applied.
Relative Fission Yields ■
The activity per atom of the fission fragments from the various fissionable materials relative to U 238 is given in Table 2 as a function of the peak bremsstrahlung energy for each run. In order to obtain the ratios given in Table 2 , the net activity of each sample was divided by the number of atoms of fissionable material in the corresponding foil, and this number was compared with the net activity per atom obtained from the U 238 foils. Since the activity obtained at low energies was in general small, the background and aluminum activity corrections became rather large so that the possible error on the low-energy ratios given in Table 2 is larger than at higher energies. The absence of any obvious trend with energy allows us to assume the same photofission cross-section shape with energy for all fissionable materials observed. Thus, we can assume that the ratio of the activity from a fissionable substance to the activity obtained from U 238 should be a constant independent of energy. On this basis the average ratio in each case was calculated and is shown at the bottom of the Table. The error shown is the probable error of the mean assuming that the individual numbers are all measurements of the same quantity.
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In order to obtain a measure of the error in the experiment three U 238 foils were used. The ratios of activity per atom between the different foils is shown in Table 3 as a function of energy. Since this is the relative activity per atom, the ratio in all cases should be one. Thus, the variation from one is a measure of the systematic error in the experiment. The error shown on the average is the probable error of the mean as calculated from the individual values. It is seen that while the error due to statistical variations is rather small of the order of 2 or 3 per cent, the average values themselves differ from one by as much as 15 per cent. Thus, we must conclude that in any measure of the ratio of the photofission yield, one fissionable material with relation to U 238 , there may be a Table 4 lists the energy settings at which the betatron was run and the number of fissions per R observed at that energy where the number of fissions per R may be the average of several runs. In particular the data was taken starting at 19.8 Mev and running down to 8.75 Mev and repeating the points again on the way back up to 19.8 Mev. Then in order to obtain the shape of the curve at high energies in a more precise fashion the ratio of 18.9 to 20.8 Mev, the ratio of 20.8 to 21.2 Mev, and the ratio 20.8 to 21.7 Mev were obtained with greater precision by repeating these points many times. The errors quoted in Table 4 represent the variation from the mean in the several runs at each point. These data are plotted on Fig. 5 and are shown as diamonds where the vertical distance between the points of the diamond represent the probable error on the points. The values in Table 5 were taken from Table 5 were then used for all further calculations.
In order to calculate the shape of the photofission cross section as a function of gamma-ray energy from these data, it is necessary to know the relative number of quanta in each energy interval striking the uranium foil for each R recorded by the R-thimble. The initial X-ray spectrum emerging from the target was corrected for all absorbing materials between the target and the uranium foil. The response of the R-thimble was calculated assuming that it responded only to the secondary electrons coming out of the carbon, which were in equilibrium with the primary gamma rays. From these two calculations the number of gamma rays hitting the uranium per R was calculated. Using this number and various assumed photofission cross-section shapes an attempt was made to fit the observed excitation curve.
The calculation of the gamma-ray spectrum seen by the fission chamber and seen by the Rthimbles is given in Appendix I and the calculation of the R-thimble response is .given in Appendix II.
In principle, if one knows the photofission excitation curve exactly and the gamma-ray spectrum exactly, one can arrive at a unique solution for the photofission cross section as a function of energy. However, comparatively small errors in the excitation curve lead to very large errors in the deduced cross-section curve; sufficiently large errors, in fact, that one quite soon obtains large negative values for the cross section at certain energies in order to fit the observed excitation curve. Thus, a more sensible procedure for arriving at the cross-section curve seems to be to assume various cross-section shapes and try to fit these to the excitation curve by making appropriate changes in the initially assumed cross-section curve. An effort to arrive at a cross-section curve that would fit the observed excitation curve by means of various step functions whose corners were rounded off resulted in the cross-section curve given by Sigma 2 in Table 6 , which is shown plotted in Fig. 6 . It did not appear possible to fit the observed curve without some sort of a resonance peak as shown in that curve. The fact that a resonance is indicated agrees with the work of Baldwin and Klaiber 1 and the theoretical considerations of Teller and Goldhaber. 2 On the assumption that a resonance cross-section curve is necessary, an attempt was made to obtain a cross-section curve of the form:
which would fit the observed data. It was found necessary, in order to make a proper fit, effectively to cut off the curve at 9 Mev but to allow a small value at 8 Mev and no value to the cross section from there on down. Even on this basis it was found that the fit was quite critical to the parameters of the cross-section equation. The final equation obtained which gave an excitation curve that fell within the errors of Table 5 where E is the energy in Mev. The fact that the numbers in the above equation are given to five significant figures does not imply that we know the cross-section shape that well. These are just numbers that will give a fit to the excitation curve. It appears that with this type of resonance equation, it would be rather difficult to get a fit using a resonance peak at more than 1/2 or 1 Mev different from the 15 Mev assumed. A graph of this curve is shown in Fig. 6 and the exact values used are given in Table 6 , listed under Sigma 1.
DISCUSSION
It is to be noted that the ratio of the ionium activity to U 238 activity given in Table 2 has an appreciably larger error than that quoted on any of the other ratios. The main reason for this large error is that the ionium was not pure but was only 25 per cent by weight of a sample containing mostly thorium. Thus the prorated thorium activity for each point had to be subtracted from the total activity in order to obtain numbers proportional to the ionium activity. Thus any errors in the thorium curve were multiplied in the ionium curve.
It is also to be noted that we obtain a ratio for the thorium to uranium activity of approximately 1/4, whereas Baldwin and Klaiber 1 observed a ratio of 1/2. It appears that part of this discrepancy is due to the fact that Baldwin and Klaiber's fissionable material foils were all assumed to be completely thick compared with the fission fragment range. However, from the numbers that they quote it appears that their uranium sample was not completely thick. This difference might change their ratio to approximately 1 to 3, which would still leave a discrepancy between the two observed values.
It should be emphasized that the experimental excitation curve arrived at in this work does not and cannot lead to a unique photofission cross-section curve with energy. However, the data obtained here should be sufficiently good to serve as a check on a theoretically derived cross-section shape.
No correction has been applied to any of the data for possible effects of neutrons coming from the betatron. Several rough experiments were performed to determine whether this effect was appreciable or not.
The samples were irradiated in front of the betatron and then behind the betatron along with copper and rhodium foils. The 10-min period resulting from the Cu 83 ( y ,n) reaction is a measure of the gamma intensity whereas the 44-sec and 4.2-min Rh activities are a measure of the slow-neutron flux. The activity on the catchers was negligible (approximately 3 to 4 counts per min) when irradiated behind the betatron compared with several hundred counts per minute on each foil when placed in the X-ray beam. This ratio is closer to the observed copper ratio of approximately 400 than to the rhodium ratio of approximately 3.0. So one can conclude that the great majority of fissions in this experiment are produced by gamma radiation.
A cadmium shield was used around the fission foil container to reduce any effect from slow neutrons. However, when this cadmium foil was removed the observed activity did not increase more than the probable error on the measurement. The ratio of the number of fissions observed in front and behind a 2-in. thick wall of lead followed approximately the corresponding ratio for the number of gamma rays, which again makes it appear that the great proportion of the fissions observed were due to gamma rays and not neutrons. A similar experiment indicated that the great proportion of the R-thimble response was also due to gamma rays. Values of (E 0 2 r)/k calculated from the above formula, using Z = 78 for the platinum target in the betatron and using integer values of E 0 and k, are given in Table I -A. The values within 1 Mev of either end of the spectrum are only approximations since the Born approximation used in the derivation of the above formula is not valid in these regions.
Since the target in the betatron is not infinitely thin to the passage of electrons, an approximate correction to the spectrum is desirable. From measurements of the angular spread of the X-ray beam from the betatron 4 and calculations of the theoretical spread due to multiple scattering of the electrons in the target 3 ' 5 the effective thickness of the target is estimated to be about 1.5 Mev. An approximate thick target spectrum could be obtained by integrating the spectra formed as the primary electrons lost energy from E 0 to (E 0 -1.5) Mev over the target thickness. To do this numerically, it was assumed that no great error would be introduced if, instead of integrating, we added the appropriate weighted values of the spectra at E 0 and (E 0 -'l) Mev.
To obtain these weighted values we assume that any electron passing through the betatron target in the energy range of E to E-1.5 has an equal probability of producing a photon, and that there are equal numbers of electrons of all energies in this interval. Then the resultant spectrum is the sum of the spectra resulting from every energy in this range, thus
S=X^SE+ME-~1ME-^---^[ E -
where S is the resultant spectrum, Sg is the spectrum due to electrons of energy E, and n is the number of intervals into which we divide the 1.5-Mev interval. The first and last terms are divided by two in order to weight the end points only half as much as the rest. If we now set n equal to three we get
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S E + 2S (E-.5) + 2S (E-l) +S (E-1.5)
If we now assume that Thus we add three times the thin target spectrum at E-l to the thin target spectrum at E to obtain the new thick target spectrum at E. The result of this is given in Table I -B. In order to obtain the spectrum incident on the uranium in the ion chamber, the absorption coefficients for the Compton effect and the pair production of integer energies up to 21 Mev for the various absorbing materials between the target and the uranium were calculated.
8 Absorption due to the photoelectric effect was negligible at these energies. The absorption coefficients (T) times the material thicknesses (x) are listed in Table I -C and the final transmission as a function of energy is listed in the last column. The spectra impinging on the uranium are obtained by multiplying the thick target spectra by the transmission coefficients. Table I-D tabulates these spectra after being normalized as described in Appendix 2. Since the ion chamber is far enough from the betatron that it receives a practically uniform radiation, the conversion from photons per unit solid angle to photons per cm 2 can be made by a constant factor that does not change the shape of the spectra.
Appendix 2-R-Thimble Response
The betatron X rays were monitored with two 1/4-R-thimbles in the beam. In order to get a measure of the number of quanta striking the uranium per R recorded in the R-thimble, it is necessary to know the R-thimble response to different energy quanta.
Consider a thick wall of carbon (i.e., thick compared with the range of the secondary electrons) placed in front of the R-thimble. Associated with each emerging quantum will be a certain number of electrons and positrons formed by the Compton process and pair production. R c (k) represents the average forward component of the range of Compton electrons from a quantum of energy k, and R p (k) represents the average forward component of the positrons and electrons from pair production by a quantum of energy k.
For simplicity we assumed that all electrons and positrons emerging from the carbon form an average ionization of 60 ion pairs per centimeter in air regardless of their energy. And we also assumed that the R-thimble has no response to gamma rays themselves but only to the secondary electrons and positrons.
The average number of Compton electrons emerging from the carbon per emerging photon of energy k is (e TR c-l)r c / T , and the average number of particles from pair production emerging from the carbon per emerging photon of energy k is 2 (e TR P-l)T p /T, where T( . = absorption coefficient of gammas in carbon due to the Compton process, T = absorption coefficient of gammas in carbon due to pair production, and T = T C (T, T", T , R c , and R are all functions of k.) The values of R p were obtained by taking the range of an electron (or positron) of energy -gand multiplying it by an estimated factor to obtain the average forward component. This estimated factor varied from 0.5 at low energies to 1.0 above 10 Mev. Again the range of the secondary electrons (and positrons) were assumed to be the same in gm/cm 2 of carbon as in aluminum. Values are shown in Table II -A. The absorption coefficients, T and T_, for carbon were calculated from formulae given by Heitler 6 and are listed in Table n-A. Substituting these values in the above formula for T, the response shown in the last column is obtained. A plot of the R-thimble response is shown in Fig. II-A. It is approximately proportional to the energy.
In order to determine the magnitude of the spectra striking the uranium when the R-thimble totals 1 R, it is necessary to calculate the spectra which strike the R-thimble. These are readily obtained using the thick target spectra tabulated in Table I -B and the transmission coefficients up to the R-thimble tabulated in Table I -C. These spectra are multiplied by the R-thimble response and integrated over all k for a given E 0 . The final sum is the necessary normalization factor and is divided into the spectra incident on the uranium to obtain the normalized spectra per R listed in Table I-D - A point at E 0 -m 0 c 2 on the excitation function is the sum over all k of the products of the cross section and the normalized spectrum for E 0 .
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